Abstract: This study aims to investigate the white perception of mobile display devices under dark-adapted and chromatic-adapted conditions. The white perception was modeled with error ellipses and bivariate Gaussian distributions. The dark-adapted white encompassed a rather large area centered around 7300 K, slightly above the Planckian locus. The chromaticadapted whites were highly dependent on the ambient illuminant, and were not parallel to the Planckian locus. Combined, the white region encompassing 6179 to 7479 K in correlated color temperature and −0.0038 to 0.0144 in Duv was suggested. The results of this study are expected to be the basis for enhanced white appearance on mobile display devices.
Introduction
Over the past several years, much attention has been paid to enhancing the color appearance of mobile devices. It has been acknowledged that white, which is defined as a color sensation that is devoid of any hue, has a fundamental role in display color appearance [1] . However, despite the exact specification of the meaning of white, there is still considerable ambiguity regarding its chromaticity. The standards for white points differ substantially depending on the industry and country. For example, a recommended white point for graphic arts is D50, while for photography it is D65 [2] . With regard to country, the U.S. broadcasting standard uses D65 as the white point, whereas D93 is the broadcast standard in Japan [3] . Moreover, there is quite a bit of disagreement among various psychophysical experiments in the literature.
Correlated color temperature (CCT) has been a convenient and widely used specification of the white point of display devices and the color of light sources. In one of the earliest psychophysical experiments on white perception, Priest [4] observed the average white chromaticity of four subjects at 5200 K under dark-adapted conditions. Helson and Michels [5] , on the other hand, reported the dark-adapted white chromaticity at 15000 K based on data from three subjects. In response to these findings, Hurvich and Jameson [6] provided white threshold contours in color temperature, instead of a single chromaticity point. Similarly, Honjyo and Nonaka [7] provided a rather large region of white perception, ranging from approximately 5500 to 10000 K.
Interestingly, these studies had an implicit assumption that chromaticity coordinates on the Planckian locus would appear white. However, the stimuli of precisely the same CCT could have very different chromaticities and therefore appear quite differently. Such shifts away from the Planckian locus are expressed by Duv, which is defined as the closest distance from the Planckian locus on the CIE 1960 uv chromaticity [8] . It has been often questioned whether the chromaticity coordinates on the Planckian locus would really be perceived as white. Recently, Ohno and Fein [9] indicated that light sources below the Planckian locus are preferred. In a similar experiment, a line of whites was observed that lies above the Planckian locus at CCTs higher than 4000 K and below the Planckian locus for lower CCTs [10] . Most recently, Chauhan et al. [11] reported average achromatic settings with positive Duv values, while Smet et al. [12] reported negative Duv values. In response to these findings, it has become accepted that CCT and Duv should be considered together to enhance white perception [13] .
Although white perception has been studied intensively, differing values have been reported, indicating that white perception depends largely upon the specifics of the viewing conditions, such as the viewing modes, ambient illuminants, and subjects. Most of the above studies investigated white perception in the aperture or illumination mode. Equally important, but less well understood, is the illuminant mode, in which the color is perceived as belonging to the self-luminous source of light [14] . Moreover, a majority of studies have investigated white perception only under dark-adapted conditions. However, mobile devices are generally observed in various illuminants, in which the color perception may differ considerably from dark surroundings due to chromatic adaptation. Lastly, the sample sizes of the previous studies seem to have been insufficient, which is a particular problem in psychophysics, in which the sample size is usually small but the individual differences are large [15] . As such, this paper builds on and extends previous studies by observing the white perception of a selfluminous display presented in a real rather than a simulated environment, lit by illuminants with various chromaticities. By doing so, this study aims to derive an empirical model to predict the degree of whiteness as a function of position in color space via a series of darkadapted and chromatic-adapted psychophysical experiments.
Dark-adapted white
In the first part of the study, the white perception of a self-luminous display was investigated under dark-adapted viewing conditions. For a psychophysical experiment, the degrees of whiteness of 97 chromaticity points were evaluated in a dark room. The data set was then fitted into an error ellipse and a bivariate Gaussian distribution.
Stimuli
A reading article composed of black texts on a white background was displayed on a tablet computer with a 9.7-inch LED-backlit IPS LCD display, as one of the most typical mobile device viewing conditions, with white color dominantly displayed on the screen, as shown in Fig. 1 2 ). The tablet computer was switched on for at least an hour prior to starting the visual experiments to ensure a stable luminance output.
A total of 97 sets of white backgrounds were set up as experimental chromaticity points. The 96 chromaticity points consisted of a full range of CCTs from 2500 to 20000 K, at seven different Duv levels (−0.015, −0.010, −0.005, 0, 0.005, 0.010, and 0.015), as shown in Fig.  1(b) . The stimuli were located at 15 isotemperature lines of, nominally, 2500, 3000, 3500, 4000, 4500, 5000, 6000, 7000, 8000, 9000, 10000, 11000, 12000, 15000, and 20000 K. The intervals between each isotemperature line were carefully adjusted according to the microreciprocal degree [16] . The native white point was added to create a total of 97 chromaticity points. The colorimetric values were measured using a spectroradiometer and were averaged for each of the 15 CCT groups, as listed in Table 1 . The variations in CCT at different Duv levels were within ± 15 K from the average at 2500 K and ± 800 K from the average at 20000 K, and the luminance was kept within ± 20 cd/m 2 from an average value at each CCT group. 
Procedure
A total of 56 college students (28 males and 28 females) were recruited for the experiment, with an average age of 22.61 years and a standard deviation of 3.06 years. All of the participants were paid volunteers. They had normal or corrected-to-normal visual acuity, with no significant color deficiencies. Ethical approval was obtained prior to the commencement of all of the studies concerning human participants (Approval number: KH2016-6). The study adopted rating experiments, in which the participants were asked to rate the whiteness levels of each presented stimulus using a five-point Likert scale ranging from 1 (least white) to 5 (most white). Rating experiments are suggested to be more accurate compared to setting experiments, in which participants are asked to adjust the chromaticity of each stimulus until it appears white [17] . The subjects spent one minute in a dark room before starting the evaluation to adapt to the dark environment, and the measured illuminance at the subject's position was less than 1 lux.
The 97 stimuli were presented in a random order to eliminate any sequential effect on the subjects' evaluation. The viewing time for each stimulus was not fixed, as viewing time is known to has very little, if any, effect on the perception of white [10] . To reduce the bias in color perception inflicted by the surrounding environment, the experiment was conducted with achromatic, grayish survey sheets on an achromatic, grayish desk, and the participants were instructed to put on achromatic, grayish gloves, as shown in Fig. 2 . The experiment lasted approximately ten minutes. The room's ambient conditions were maintained for human comfort [18] : ambient temperature = 24.2 ± 2 °C; ambient humidity = 37 ± 5%; and ambient noise = 45.2 ± 10 dB(A). The measured illuminance at the subject's position was less than 1 lux when the tablet computer was turned off. The participants were instructed to put on achromatic, grayish gloves.
Results and discussion
The error ellipse has been frequently adopted to represent the yes and no boundary for the perception of white. The bivariate Gaussian distribution is a logical extension to the error ellipse that incorporates a full data set [19] . The adoption of a bivariate Gaussian distribution offers several advantages compared to fitting an error ellipse, for which only "yes" ratings are taken into account. Since all data points are used, fitting a distribution is less susceptible to outliers and hence more accurate in predicting the center. Moreover, it becomes much less critical to have a grid with high-rated values fully enclosed by low-rated values. The bivariate Gaussian distribution also results in a simple metric to predict the degree of whiteness. However, the size of the white region is not directly comparable to those in previous studies, which have generally adopted error ellipses for analysis. Hence, the results were first analyzed by fitting an error ellipse to the stimuli that scored five points. In the second phase, the full data set of 97 ratings was analyzed to develop a bivariate Gaussian model that could predict the degree of whiteness.
In the first phase of the analysis, only the chromaticity points that scored five points were extracted out of the 97 chromaticity points for each participant. These chromaticity points were then fitted into a one-standard-deviation ellipse. The size of the major and minor axis, the center, the angle of rotation, and the area of the ellipse are given in Table 2 . Secondly, the full data set was analyzed by taking into account the ratings of all 97 presented stimuli. The 5432 ratings (56 subjects × 97 chromaticity points) were modeled with a bivariate Gaussian distribution, as described by Eq. (1) 
with S whiteness as the degree of whiteness, a 1 to a 6 as the fitting parameters, and u' and v' as the CIE 1976 chromaticity coordinates. The resulting distribution and the mean ratings for each chromaticity point are plotted in Fig. 3 . The 25%, 50%, 75%, and 95% elliptical contours of the bivariate Gaussian model were also plotted. The goodness of fit was quantified by calculating the Spearman correlation coefficient ρ and standardized residual sum of squares (STRESS). The correlation coefficient was 0.85 (p < 0.01), and the STRESS value was 0.11, resulting in a simple but quite accurate metric to predict the degree of whiteness viewed by a dark-adapted average observer, as a function of position in the CIE 1976 u' v' chromaticity.
The fitting parameters and the center of the bivariate Gaussian model are summarized in Table 3 . The one-standard-deviation error ellipse and the 50% bivariate Gaussian ellipse were plotted together in the CIE 1976 u' v' chromaticity, as shown in Fig. 4 . The dark-adapted white encompassed an area, rather than a point or a line as reported by previous studies [10, 20] , which is consistent with the findings from Smet et al. [12] . The one-standard-deviation error ellipse, plotted as a dashed line, encompassed 5236 to 11122 K in CCT and −0.0075 to 0.0099 in Duv. The 50% bivariate Gaussian ellipse, plotted as a solid line, encompassed 5284 to 11337 K in CCT and −0.0081 to 0.0134 in Duv. When fitted with 50% bivariate Gaussian ellipse, the size of the ellipse was close to the error ellipse in the CCT direction. However, the bivariate Gaussian ellipse was slightly larger in the Duv direction, indicating that the error ellipse is limited by the range of the grid points in the Duv direction. Hence, 50% bivariate Gaussian ellipse was adopted as the white region for further analysis. The direction of the major axis was aligned with the Planckian locus, which is in good agreement with the results obtained by Chauhan et al. [11] . The range of white perception was smaller in the red-green Duv direction than in the yellow-blue CCT direction. As seen in Fig. 4 , the results of the experiment were plotted over the ANSI C78.377 [8] and CIE S 004 [21] white regions for light sources. It can be seen that the low and high CCT ends of the current standards tend to respectively overestimate and underestimate the dark-adapted white region. The data presented here suggest that self-luminous displays that meet the current standards would probably not appear white under the viewing conditions employed in this study, which was also supported for the illumination mode [12] and object mode [17] . The maximal whiteness perception arose at (0.1947, 0.4599) in the CIE 1976 u' v' chromaticity, which is equivalent to a CCT of 7300 K, as predicted by the center of the bivariate Gaussian distribution. Interestingly, the center was slightly shifted towards a higher color temperature, compared to the standard white point D65, which complies with the previous studies on achromatic perception [11, 22] . However, Smet et al. [12] and Wang et al. [20] reported that maximal whiteness perception arose at around 6600 K, which contradicts the results. With regard to the Duv value, the white perception was centered at 0.0026, which is slightly above the Planckian locus and near the daylight locus. This is in good agreement with the results obtained by Rea and Freyssinier [10] and Chauhan et al. [11] , who reported positive Duv values for CCTs above 4000 K. However, the results do not agree with those from Ohno and Fein [9] and Smet et al. [12] , who reported white perception with negative Duv values. As mentioned in the introduction, such inconsistency in results may depend largely upon the specifics of the viewing conditions. This study investigated the white perception of self-luminous mobile display background colors under a dark-adapted condition, in contrast to the previous studies that have investigated white perception in the illumination mode [9, 12, 20 ].
Chromatic-adapted whites
Mobile devices are generally observed in various illuminants, which may differ considerably from the dark surroundings due to chromatic adaptation. Hence, in the second part of the study, the effects of ambient illuminants on white perception were investigated. The degree of whiteness was modeled as an error ellipse and a bivariate Gaussian distribution using the ratings of 97 chromaticity points under 11 ambient lightings of various chromaticities.
Ambient lightings
The study was conducted in a room equipped with an LED luminous ceiling, as shown in Fig.  5(a) . The CCTs of the ambient lighting could be controlled by adjusting the R, G, B, and W (White) input values. Eleven CCTs were selected to cover the full range of CCTs: 2500, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 10000, 15000, and 20000 K, as shown in Fig.  5(b) . The illuminance level was adjusted to approximately 500 to 600 lux, which is a recommended illuminance level for tasks with medium visual requirements [23] . The size of the room was 6.2 m × 3.3 m × 2.5 m, and the walls and a majority of the furniture were offwhite. All of the curtains were closed to block off the fluctuations of natural daylight. The colorimetric values of each lighting condition were measured on a horizontal plane at the participants' desk level with a chroma meter (Konica Minolta CL-200), as listed in Table 4 . 
Procedure
The same group of subjects from the previous experiment participated in this experiment. The specifics of the experimental setting, namely the display stimuli, viewing distance, rating method, and ambient conditions of the room, were consistent with those of the previous study. The subjects were seated in the center of the room, and their full view was completely adapted to the illumination. The 11 lighting conditions were presented in random order. Before each lighting condition, 30 seconds of dark adaptation was performed. Then, 1 minute was given for chromatic adaptation prior to the 97-stimuli evaluation. Each run typically took about 5 to 10 minutes, for a total of about an hour and a half for 1067 ratings (11 lighting conditions × 97 display stimuli).
Results and discussion
For the analysis, an error ellipse and a bivariate Gaussian distribution were both fitted. First, the chromaticity points that scored five points were fitted into a one-standard-deviation ellipse for each of the 11 lighting conditions, as listed in Table 5 . Secondly, the full data set was modeled with a bivariate Gaussian distribution. The fitting parameters and the centers of each bivariate Gaussian model are summarized in Table 6 . The average color difference, delta u'v', between the error ellipse's center and the bivariate Gaussian distribution's center was 0.0053, which is greater than the just-noticeable difference in self-luminous display applications [24] . The average Spearman correlation coefficient was 0.85 (p < 0.01), and the average STRESS value was 0.10, suggesting that the bivariate Gaussian functions were accurately modeled. Hence, the centers of the bivariate Gaussian distributions were adopted as the chromaticities of maximal whiteness perception.
As seen in Table 6 , the coordinates and CCT of the maximal whiteness perception for the 2540 K and 19280 K lighting conditions were (0.2079, 0.4834, 5222 K) and (0.1851, 0.4506, 8986 K), respectively. Within these bounds, a strong correlation was observed: the CCT of the white center increased as the lighting CCT rose (r = 0.95, p < 0.01). When compared to the dark-adapted white center (0.1947, 0.4599, 7300 K), the chromatic-adapted white centers were shifted towards the chromaticity of the ambient lightings. With regard to the Duv value, it is interesting to note that chromatic-adapted white centers follow a very different trajectory when compared to the Planckian locus. The route connecting 11 white centers is not parallel to the Planckian locus. The Duv value of the center increased from 0.0019 to 0.0078 as the CCT of the center increased (r = 0.93, p < 0.01), implying that the Duv could be a function of the CCT. The experimental data were compared with the corresponding data predicted by CIECAM02 [25] under mixed chromatic adaptation [26] , as shown in Fig. 6 . Based on the general trend of these plots, the CIECAM02 prediction shows a better agreement with the bivariate Gaussian centers compared to the error ellipse centers. However, the lower color temperature adaptations lie away from their corresponding CIECAM02 predictions, which is consistent with Hunt's experimental data [27]. The 50% bivariate Gaussian ellipses of the low-and high-CCT end-lighting conditions-2540 K and 19280 K, respectively-are plotted in Fig. 7 . The directions of the major axis of both ellipses are aligned with the Planckian locus, which is in good agreement with the previous experiment. The 50% bivariate Gaussian ellipse for the 2540 K lighting condition, plotted as a dashed line, encompassed 3995 to 7479 K in CCT and −0.0101 to 0.0144 in Duv. For the 19280 K lighting condition, the area encompassed 6179 to 15131 K in CCT and −0.0038 to 0.0196 in Duv. Although the white region of the 2540 K lighting condition overlapped the high CCT regions of ANSI C78.377 and the CIE class A white boundary, the white region of the 19280 K lighting condition was far from the standard boundaries. The data presented here suggest that self-luminous displays that meet the standards will probably only appear white under limited viewing conditions. Hence, the chromaticity points within the intersection of those regions, ranging from 6179 to 7479 K in CCT and from −0.0038 to 0.0144 in Duv, are expected to appear moderately white under any lighting condition. These findings might be applied as the basis for guidance on the white point adjustment of selfluminous mobile display devices.
General discussion
The chromaticity of white was investigated under dark-adapted and chromatic-adapted conditions. The dark-adapted white region encompassed a rather large area, which was shifted towards a higher color temperature and slightly above the Planckian locus compared to the current standards. Although earlier studies have also reported that the perceptually preferred white could have a slightly bluish tint [11, 22, 28 ], until recently, many studies have relied on the underlying assumption that 6500 K is the highest boundary of white perception [9, 10] . With regard to Duv, although there is some inconsistency in its exact value among previous studies [9] [10] [11] [12] [13] , it is now quite apparent that the Duv is also a strong determinant factor of white perception. Additionally, white perception is highly dependent on the chromaticity of the ambient illuminant, although most studies have focused on dark-adapted white perception. Combined, future works should not be bound by the set of underlying assumptions for white perception and should leave possibilities open in designing experiments.
However, this study's experimental conditions also have some prevalent limitations. First, the stimuli were confined to a reading article. However, white perception is likely to be image dependent; hence, supplementary studies with various images are necessary. Moreover, the illuminance of the ambient illuminant was fixed at approximately 600 lux in the chromaticadapted experiment. As the effect of an illuminant's chromaticity increases with its intensity [29] , future work is necessary to verify the applicability of the results in various viewing conditions. Additionally, as mentioned in the introduction, the standards of white points differ substantially depending on the country [30] . Hence, it would also be valuable to evaluate whether any cultural effects exist on the perception of white. Lastly, although Smet et al. [12] and Walraven and Werner [31] confirmed that white perception is luminance invariant, more in-depth studies would be worthwhile to investigate the effect of luminance in combination with chromaticity. Otherwise, the maximal luminance could be obtained for a target chromaticity using the optimal converting point suggested by Hsieh et al. [32] . Nonetheless, the present study builds upon and extends earlier studies, with increased insights that could act as good stepping stones for future deliberations on white perception.
Conclusion
The purpose of this study was to investigate the white perception of a self-luminous mobile display under dark-adapted and chromatic-adapted conditions. The whiteness ratings on 97 chromaticity points were fitted into an error ellipse and a bivariate Gaussian distribution. The results showed that CCT alone is not a suitable designation of white perception. Dark-adapted white perception was located slightly above the Planckian locus and was approximately centered around 7300 K. Moreover, white perception was highly dependent on the chromaticity of the ambient illuminant. The route connecting the chromatic-adapted white centers was not parallel to the Planckian locus, implying that Duv could be a function of CCT. The self-luminous displays that meet the current standards would probably not be perceived as white under some viewing conditions; hence, the present study suggests a white region from 6179 to 7479 K in CCT and from −0.0038 to 0.0144 in Duv. Although further research is necessary, the study is expected to have properly estimated the psychophysical aspects of users viewing white on mobile display devices.
